Fission-fusion social dynamics allow animals to respond to short-term environmental changes by temporarily adjusting group size. The drivers of such complex social dynamics are thought to relate to resource availability, density effects, and social interactions. During 2008-2009, we collared 15 Cape buffalo (Syncerus caffer caffer) cows in different groups in the Okavango Delta, Botswana, to study social dynamics in a flood-pulsed ecosystem. Hierarchical clustering identified 2 subpopulations, 1 migratory and 1 resident. We calculated Utilization Distribution Overlap Index (UDOI) and number and duration of fusion events between buffalo dyads and related them to environmental variables. Number of fusion events and duration of fusion periods did not vary seasonally, total fusion time varied seasonally and annually, and UDOI varied with year and subpopulation. Fission events were more likely in cluttered habitats, but only in the late flood season. There was more open habitat in home range overlap (HRO) areas than home ranges (HR) in most seasons. Pan density in rainy season HROs was lower and higher than in HRs in 2008 and 2009, respectively, and in all flood seasons HRO areas were closer to permanent water than HRs, suggesting that fusion occurred when buffalo congregated on resources. Whereas previous studies described large herds that sometimes split, we identified numerous smaller groups that occasionally fused, indicating a very fluid social system. Our results highlight the need to understand social system flexibility to ensure appropriate management and understand the varying impacts of environmental and anthropogenic effects on subpopulations within the same geographic area.
INTRODUCTION
Gregarious, group-dwelling herbivores benefit from collective information sharing about resources (Isvaran 2007; Aureli et al. 2008) , high levels of vigilance (Kie 1999) , and effective antipredator defense strategies (Kelley et al. 2011) . However, associating with other individuals also incurs costs such as competition for mates and resources, which are often dependent on density and resource availability (Alexander 1974) . Optimal group size is therefore a trade-off between these benefits and costs (Markham et al. 2015) , which can vary temporally through seasonal changes in environmental conditions, spatially through structural differences between habitat types, and overall through social interactions (Couzin and Laidre 2009) . Herbivores usually occur in larger groups in open habitats with high visibility (Jarman 1974; Isvaran 2007) , where they can detect potential predators most readily (Fortin et al. 2009 ), but also where intraspecific interactions can take place over larger distances.
Short-term responses to changing environmental conditions can lead to fission-fusion social dynamics , whereby groups split and join periodically, creating a relatively fluid and adaptable society (Sueur et al. 2011) , although the individual composition of each core group usually remains the same (Wittemyer et al. 2005) . The drivers of fusion events are not fully understood, but they include predation pressure (Kelley et al. 2011) , reproductive opportunities (Mourier et al. 2012) , congregation on abundant (Isvaran 2007) or limited resources (Holmes et al. 2016) , and social attraction (Couzin 2006; Bercovitch and Berry 2010) . Fission is thought to occur when the costs of competition for limited resources or mates become too high (Couzin and Laidre 2009) , the costs of activity synchrony rise for dimorphic species (Conradt and Roper 2000) , knowledge of profitable patches differs between experienced individuals (Ramos et al. 2015 ) that move apart and are followed by other group members (Merkle et al. 2015) , or detection probability by predators increases with herd size, such as in cluttered habitats (Fortin et al. 2009 ). The most productive season is usually when the costs of social cohesion are at their lowest, and therefore should be associated with the largest group sizes in species exhibiting fission-fusion social dynamics (Wittemyer et al. 2005; Isvaran 2007; Bercovitch and Berry 2010) . Fission-fusion dynamics can increase vulnerability of some groups to disturbance effects (Haulsee et al. 2016; Sigaud et al. 2017 ), but can also increase adaptability by allowing animals to alter their group size in response to environmental conditions (Holmes et al. 2016) .
Most herbivore species do not defend territories, but occupy home ranges (HRs) that can vary geographically according to seasonal changes in resource abundance and distribution (Owen-Smith et al. 2010) . Utilizing HRs allows animals to access familiar locations and, through spatial memory, exploit productive areas and predict temporal and spatial shifts in resource availability (Wolf et al. 2009 ). Some areas can support groups with overlapping HRs, and the extent of spatial overlap relates to resource availability (Kolbe and Weckerly 2015) . Animals may need to share limiting resources, such as water, or be able to coexist in areas with high resource abundance (Chaverri et al. 2007 ), leading to social interactions between individuals with overlapping HRs (VanderWaal et al. 2014) . The extent of home range overlap (HRO) should follow a U-shaped curve in relation to resources: HRO should be high during periods of high and low resource abundance and lowest during periods of intermediate abundance (Zengeya and Murwira 2016) . Variation in resource abundance and extent of social interactions can therefore lead to seasonal changes in fission-fusion dynamics within HRO areas.
Fission-fusion social dynamics have been identified in a range of species, including numerous primates (Amici et al. 2008) , giraffe (Giraffa camelopardalis; Bercovitch and Berry 2010) , African elephant (Loxodonta africana; Couzin 2006) , and African buffalo (Syncerus caffer; Cross et al. 2005) , though the extent of fission-fusion dynamics may vary with subspecies for the last. Forest buffalo (S. c. nanus) occur in stable herds rarely larger than 20 (Melletti et al. 2007; Korte 2008) . West African savanna buffalo (S. c. brachyceros) occur in herds of approximately 50 individuals with very little interaction between herds (Cornélis et al. 2011) . Cape buffalo (S. c. caffer) has no characteristic herd size, although they can occur in groups of several thousand individuals (Couzin and Laidre 2009) . Most studies of Cape buffalo in southern and eastern Africa have identified large herds with permanent members that periodically subdivide (e.g., Prins 1996; Cross et al. 2005 ) but consistently occupied identifiable HRs (Ryan et al. 2006) . The cohesion of such large herds can vary temporally according to geographical region: during the rainy season, groups in Chobe National Park, Botswana were more fragmented (Taolo 2003) , whereas groups in the Serengeti National Park, Tanzania, were larger (Sinclair 1977) . Cape buffalo social systems therefore appear to vary with environmental conditions, and the definition of a herd can be problematic. Herds are hereafter defined as assemblages of animals with fixed membership and size that spend most of their time together, whereas groups can vary in these characteristics.
In 2012, the Okavango Delta, Botswana, had an estimated 50 000 Cape buffalo (unpublished aerial survey, Department of Wildlife and National Parks 2012) in a complex mosaic of different habitat types. The Delta has 2 annual influxes of water: rains falling concurrently in the Okavango Delta and further upstream in Angola produce a delayed flood pulse, which takes several months to flow through rivers in the catchment area before reaching the Okavango Delta (McCarthy and Ellery 1998) . This creates high levels of spatial and temporal heterogeneity in resource availability (McCarthy and Ellery 1998) . During the rainy season, most herbivore species in the Delta exploit nutrient-rich annual grasses growing in well-drained soils (Fynn et al. 2015) , which can support large numbers of herbivores. Outside the rainy season, buffalo rely on seasonal floodplains (Bennitt et al. 2014) , which provide water and fresh forage growth when the availability of these resources in other habitats declines progressively after the last rainfall.
Migratory and resident buffalo subpopulations with distinct home ranges have been identified in the Okavango Delta (Bennitt et al. 2016 ), but their social structure has not yet been studied. The subpopulations showed divergent migratory behavior (Bennitt et al. 2016) , 1 moving approximately 50 km east during the rainy season, and the other remaining in the same HR year round (Figure 1 ), although the latter displayed seasonal variation in habitat selection (Bennitt et al. 2014) . Much of the previous research on fission-fusion in Cape buffalo has relied on observational data and focused on individual associations (Cross et al. 2005) . Technological developments allow continuous remote data collection from numerous individuals and can therefore provide new insights into social behavior (Couzin 2006; Farine and Whitehead 2015) . We use data from GPS-enabled collars fitted to 15 buffalo cows in different groups in the Okavango Delta in [2008] [2009] to test the hypotheses that: 1) seasonal Utilization Distribution Overlap Index (UDOI) can be used to assign groups containing collared individuals to resident or migratory subpopulations, 2) groups with overlapping seasonal HRs displayed fusion, but only within subpopulations, and 3) sociality, represented by HRO and fusion, would be highest during the rainy season, in open habitat types and closer to water.
METHODS

Study site
The Okavango Delta covers 15 000 km 2 in northern Botswana, between 22.0°-24.0°E and 18.5°-20.5°S (Heinl et al. 2006) . Average rainfall and flooding patterns were used to define 3 seasons according to fixed dates: the rainy season (December to March); the early flood season, when flood waters were rising (April to July); and the late flood season, when flood waters were receding (August to November).
The study was conducted in the south-eastern area of the Okavango Delta, and included permanent and temporary floodplains, as well as permanently dry areas (Figure 1 ). Habitat types included low shrubland and acacia, mopane and riparian woodlands, which were considered cluttered habitats, and floodplains and grassland, which were considered open habitats. A habitat map of the area was developed by digitizing satellite images at a 1:10 000 scale using ArcGIS 10.0 (ESRI, Redlands, CA), and ground-truthing showed an accuracy of 88.1% (Bennitt et al. 2014) . The vector habitat map was converted to a raster layer with a 50 × 50 m pixel size, which was defined as the grid to which all other layers snapped. Secondary floodplain was the only habitat type that was flooded all year round, and was therefore identified as a permanent water source and used to generate a raster layer representing distance to permanent water for each pixel in the study area. The location of every ephemeral pan in the study area was recorded from Google Earth (Google Inc., Mountain View, CA), and used to generate a pan density layer. Ephemeral pans can be identified throughout the year by their dark soil and their associated gaps in the tree canopy, so photographic capture date did not influence their detection using Google Earth.
CAPTURE AND COLLARING
We fitted 15 buffalo cows in different groups with Tellus Simplex 4D GPS-enabled satellite collars (Followit, Lindenberg, Sweden), programmed to record 1 GPS fix per hour. We located buffalo groups from the air and darted opportunistically, so we did not know whether groups were in a state of fusion or fission, but they were spatially distinct at the time of darting. The collars emitted a unique VHF signal, allowing them to be tracked using conventional telemetry equipment, and weighed 1.8 kg, 0.4% of the total mass of the smallest collared buffalo (Bennitt et al. 2014) . Cows were selected because they represented breeding herds, and male buffalo tend to lose their collars within a few months of deployment (Taolo 2003) . Buffalo were collared for periods of 3-16 months between December 2007 and March 2010, although we only used data from December 2007 to November 2009 to allow annual comparisons of seasonal data (Table 1) .
There were 24 buffalo darting operations: 15 to fit collars, 2 to replace malfunctioning collars, and 7 to remove collars.
A helicopter and a vehicle were used for 22 and 2 darting events, respectively. A vehicle was only used to remove collars with functioning VHF so that we could track the darted animal if we lost visual contact. Sudden malfunctions occurred in 2 collars and we were unable to locate the animals to remove them, but all other collars were recovered by the end of the study. Buffalo were immobilized using either 10 mg M99, 40 mg Azaperone and 5 000 i.u. Hyalaze, reversed with 42 mg M5050 (N = 11), or 8 mg A3080, reversed with Naltrexone (N = 13). We only darted adult females in good condition, not visibly pregnant or with a small calf. Every effort was made to minimize stress and immobilization time, and all animals were observed returning to their herds after darting. All darting operations were carried out by 1 of 3 experienced veterinarians registered in Botswana. Darting permits were obtained prior to collar deployment, based on research permits EWT 3/3/8 XXXVII 44 and EWT 8/36/4 IV 62 issued by the Department of Wildlife and National Parks of Botswana. All capture and handling protocols were approved by the University of Bristol Ethics Committee (UIB/08/034), and conformed to the American Society of Mammalogists' guidelines for the use of mammals in wildlife research (Sikes 2016) and to the Association for the Study of Animal Behaviour's guidelines for the use of animals (Association for the Study of Animal Behaviour 2012).
Subpopulation identification
GPS data from collared animals visually separated them into resident and migratory subpopulations (Bennitt et al. 2016 ), but we used empirical data from seasonal utilization distributions (UDs) to confirm subpopulation membership and to determine the extent of interaction between and within subpopulations. We calculated buffalo seasonal UDs according to the Movement-Based Kernel Density Estimation method (MKDE; Benhamou 2011), using the "adehabitatHR" package (Calenge 2006 ) in R v. 3.3.2 (The R Foundation for Statistical Computing, Vienna, Austria, http:// www.r-project.org). Sequential GPS coordinates recorded by collars were used to incorporate habitat-specific movement rates into the UD calculations, a technique that was developed using African buffalo (Benhamou and Cornélis 2010) , and has previously been used for our study population (Bennitt et al. 2014) . To allow for annual and seasonal variation in resource availability, and hence in UD location, we separated the data into 6 time periods: the 2008 and 2009 rainy, early flood and late flood seasons. For each seasonal dataset, we used the "adehabitatHR" package in R v. 3.3.2 to calculate the UDOI for each dyad, the best index for quantifying overlap with regards to shared space use (Fieberg and Kochanny 2005) . We used the data cloud geometry-tree (DCG-tree) method to identify inherent patterns of association between buffalo dyads, based on UDOI (Fushing et al. 2013) . We constructed a similarity matrix based on UDOI and used the "DCG" package in R v 3.3.2 to build dendrograms depicting the social network of collared buffalo (Fushing et al. 2013 ), which we used to confirm individual subpopulation membership. We ran a generalized linear mixed model with a Gamma distribution and buffalo dyad as a random variable to determine whether UDOI was affected by season, year or subpopulation.
Fusion events
A combination of observational and GPS data indicated that collared individuals were more frequently in different groups than in the same group, and they were never observed alone. We have therefore assumed that collared individuals represented groups that occasionally displayed fusion, rather than fragments of a larger group in a state of fission. Hereafter we analyzed factors leading to fusion events, identified as the point at which groups containing collared animals joined, with each event leading to a fusion period that lasted until a fission event occurred, when groups containing collared animals split up.
We calculated hourly Euclidean distance between dyads of concurrently collared buffalo. GPS fix success rate was 82.0 ± 9.9% (Bennitt 2012) ; data were excluded when 1 or both collars in a dyad failed to obtain a fix. Cross et al. (2005) identified fusion events when collared buffalo were within 1 km of each other. We refined this definition by calculating the frequency of occurrence of different Euclidean distances < 1 km across all dyads and generating a histogram, which showed a drop in frequency of observations > 300 m (Figure 2 ). We therefore defined fusion as periods when dyads were separated by < 300 m, which represented 87.4% of all distances between dyads < 1000 m apart. Since this level of proximity could occur by chance in cluttered habitats, we only considered herds to be in a fusion state when there were at least 3 consecutive fixes for which separation was < 300 m. Some fluidity was allowed, so some fusion events included times when dyads were > 300 apart for ≤ 3 h, after which distance between dyads decreased again. For each season, we recorded the total number of fusion events per dyad, the duration of each fusion event and total fusion time as a percentage of the entire season. We used the "lme4" package (Bates 2010) in R v. 3.3 .2 to run a generalized linear mixed model with a Poisson distribution and a log-link function to determine whether season, year and subpopulation affected the number of fusion events. After testing for normality, we ran a general linear mixed model on the normal log of the duration of each fusion event to determine whether season, year, and subpopulation affected fusion duration. We ran a generalized linear mixed model with a binomial distribution to determine whether total fusion time was affected by season, year, or subpopulation. For all models, we included buffalo dyad as the random effect. We also ran a general linear model with a Poisson distribution to determine whether UDOI was related to number of fusion events.
Habitat structure
We plotted the start and end GPS coordinates of each fusion period onto the habitat map, corresponding to group fusion and fission events, respectively, to determine whether habitat type influenced group cohesion. We extracted UD outlines from the 95% isopleths of the UDs as HR polygons and identified areas of HRO for each dyad. We compared the proportion of fusion and fission events taking place in open and closed habitats to the proportion of open and closed habitats in the seasonal HRO for each dyad as an analogue to a habitat selection analysis. We also compared the proportions of open and closed habitats in seasonal HROs to those in seasonal HRs to determine whether the location of HROs was linked to habitat type. We calculated Manly selection indices (Manly et al. 2002) in the adehabitatHS package in R v. 3.2.3 and used them to identify habitats that were selected and avoided. Selection ratios with both 95% confidence intervals above and below 1 indicated selection and avoidance, respectively (Manly et al. 2002) .
Water availability
We extracted water availability data from the seasonal HRs and HROs of each buffalo dyad. For rainy season data, we used the pan density layer as a measure of water availability because ephemeral pans were filled with water during that season. We calculated the number of pans within 300 m of each pixel, the distance used to define herd membership, such that each pixel represented the number of pans within 0.28 km 2 . For the early and late flood seasons, we used the distance to permanent water, since most ephemeral pans were dry during those seasons. The relatively small pixel size meant that a high volume of data was generated for each HR and HRO, so we subsampled the datasets, randomly extracting 1000 values from each. For each seasonal dataset, we used generalized linear mixed models with a binomial distribution and buffalo dyad as a random effect to determine whether water availability affected fusion and fission location, and generalized linear mixed models with a binomial distribution and buffalo dyad as a random effect to test whether water availability differed between seasonal HRs and HROs.
All models were run with all combinations of variables, including interaction effects. The most parsimonious models were identified from Akaike's Information Criterion (Akaike 1974 
RESULTS
There were 6, 4, and 6 buffalo collared during the 2008 rainy, early flood and late flood seasons, respectively, and 6, 7, and 8 buffalo collared during the 2009 rainy, early flood and late flood seasons, respectively (Table 1) .
Subpopulation identification
The dendrograms produced by the DCG-tree method identified 2 main clusters in each season, which for the most part corresponded to the observed resident and migratory subpopulations (Figure 3) . During the 2008 early flood season, only 4 individuals were collared and the clustering technique requires 2 individuals per cluster, so B5 was grouped with B6, despite their membership of different clusters in all other seasons. UDOI was therefore greater within subpopulations than between them, and these results were consistent across seasons and years. The resident subpopulation included B1, B2, B5, B8, B9, B10, and B11, whereas the migratory subpopulation included B3, B4, B6, B7, B12, B13, B14, and B15.
Seasonal HRO
Within the confines of the subpopulation structure, the maximum number of dyads that could have had overlapping HRs was 6, 3, and 7 in the 2008 rainy, early flood and late flood seasons, respectively, and 7, 9, and 12 in the 2009 rainy, early flood and late flood seasons, respectively. In all 2008 seasons, all of the dyads displayed HRO within subpopulations, but in the 2009 rainy, early flood and late flood seasons, only 6, 5, and 9 dyads, respectively, displayed HRO within subpopulations (Figure 4 ). There were also 2 and 3 dyads in the 2008 early and late flood seasons, respectively, which displayed HRO between subpopulations, but UDOI for most of these was <0.001. Only 1 dyad, B5B7, had a UDOI value comparable to dyads within subpopulations (0.09). We excluded all of these dyads from subsequent analyses.
Mean ± SD UDOI was 0.23 ± 0.19, 0.09 ± 0.07, and 0.09 ± 0.10 during the 2008 rainy, early flood and late flood seasons, respectively, and 0.03 ± 0.02, 0.41 ± 0.74, and 0.32 ± 0.34 during the 2009 rainy, early flood and late flood seasons, respectively ( Table 2) . The most parsimonious model included the effect of subpopulation only (AICc = −55.26, AIC ω = 0.55), although the model with the effects of subpopulation and year was also competitive (AICc = −53.90, AIC ω = 0.28; Figure 5 ).
Fusion events
Despite overlapping HRs, not all dyads displayed fusion: 83.3%, 66.7%, and 42.9% of dyads fused during the 2008 rainy, early flood and late flood seasons, respectively, and 28.6%, 33.3%, and 55.6% of dyads fused during the 2009 rainy, early flood and late flood seasons, respectively. Mean ± SD number of fusion events per dyad was 5.4 ± 3.8, 3.0 ± 0.0, and 2.7 ± 0.6 during the 2008 rainy, early flood, and late flood seasons, respectively, and 1.0 ± 0.0, 5.0 ± 2.0, and 5.5 ± 4.4 during the 2009 rainy, early flood, and late flood seasons, respectively ( Table 2) . The most parsimonious model included the effect of subpopulation only (AICc = 161.39), but the null model was also competitive (AICc = 162.65) which indicated that none of season, year or subpopulation had any effect on the number of fusion events per dyad. Only 1 dyad containing individuals from different subpopulations, B5B7, displayed fusion, for 155 h during the 2008 late flood season.
Mean ± SD duration of fusion events was 63.7 ± 122.0, 74.1 ± 119.6, and 75.4 ± 118.6 h during the 2008 rainy, early flood, and late flood seasons, respectively, and 7.5 ± 0.7, 74.6 ± 126.3, and 75.3 ± 69.8 h during the 2009 rainy, early flood, and late flood seasons, respectively. The most parsimonious model was the null model (AICc = 193.82) , indicating that none of season, year or subpopulation had any effect on fusion duration.
Mean ± SD total fusion duration as a percentage of each season was 12.2 ± 10.4%, 11.9 ± 14.9%, and 6.8 ± 10.3% during the 2008 rainy, early flood, and late flood seasons, respectively, and 0.3 ± 0.0%, 12.7 ± 5.1%, and 14.6 ± 18.6% during the 2009 rainy, early flood, and late flood seasons, respectively. 1 dyad, B9B10, spent approximately 61 days or 49.8% of the 2009 late flood season in fusion, and the 2 nd longest cumulative fusion duration was approximately 32 days or 26.4% of the 2008 rainy season, for B2B5 ( Table 2) . The most parsimonious model included an interaction effect between season and year, and the fixed effect of subpopulation (AICc = 389.78, AIC ω = 0.54), but the model with only the interaction effect between season and year was also competitive (AICc = 390.13, AIC ω = 0.46; Figure 6 ). Number of fusion events was not affected by UDOI: the null model was the most parsimonious (AICc = 162.65).
There were 2 time periods when 3 collared animals were in the same herd, both during the 2008 rainy season. Fusion was recorded for B3B4 and B3B6, but not for B4B6, over a 35-h period of concurrent fusion for both dyads. During a 405-h fusion event for B3B6, B3B4 showed fusion for 40 h, but again no fusion was recorded for B4B6. It is therefore possible that some fusion events were undetected by the 300 m threshold, but increasing the threshold to an arbitrary distance may have captured false fusion events when dyads were close to each other without being in the same group.
Habitat structure
The relatively small sample size for dyads displaying fusion periods did not allow the data to be split between years, so we grouped seasonal data to compare habitat types at fission and fusion events with available habitat in HROs. We did not identify any seasons when fusion events were more likely to take place in (Table 3) .
Water availability
The relatively small sample size for dyads displaying fusion events did not allow the data to be split between years, so we grouped seasonal data to compare water availability at fission and fusion locations. During the rainy season, mean ± SD pan density was 6.8 ± 6.5 and 3.6 ± 4.1 pans/0.28 km 2 at fission and fusion locations, respectively. The most parsimonious model included the effect of pan density (AICc = 99.8, AIC ω = 0.89), indicating that pan density was higher at fission than fusion event locations during the rainy season. During the early flood season, mean ± SD distance to permanent water was 302.7 ± 348.5 m and 223.7 ± 335.2 m at fusion and fission event locations, respectively. The most parsimonious model was the null model (AICc = 62.5), indicating that there was no effect of water availability on fission/fusion during the early flood season. During the late flood season, mean ± SD distance to permanent water was 1275.4 ± 4177.3 m and 1639.2 ± 5264.1 m at fusion and fission locations, respectively. The most parsimonious Dyads were not all collared concurrently throughout seasons. N/A = not applicable. model was the null model (AICc = 123.4), indicating that there was no effect of water availability on fission/fusion during the late flood season. The larger sample sizes for dyads with overlapping HRs allowed us to split the data by year as well as season. During the 2008 rainy season, mean ± SD pan density was 6.0 ± 8.5 and 6.6 ± 9.0 pans/0.28 km 2 in HRs and HROs, respectively. The most parsimonious model included the effect of pan density (AICc = 2783.36, AIC ω = 1.00), indicating that pan density was higher in HROs than in HRs during the 2008 rainy season. During the 2009 rainy season, mean ± SD pan density was 6.4 ± 9.7 and 5.0 ± 6.8 pans/0.28 km 2 in HRs and HROs, respectively. The most parsimonious model included the effect of pan density (AICc = 32 942.47, AIC ω = 1.00), indicating that pan density was higher in HRs than in HROs 
DISCUSSION
Understanding animal social systems provides in-depth knowledge of possible routes for disease transmission (Body et al. 2015) , information sharing, and gene flow (Biosa et al. 2015) , and allows the identification of key processes and pathways for population connectivity and health (Morales et al. 2010) . Previous studies of African buffalo in different parts of their range have recorded a variety of social systems, from steady herds with permanent membership (Melletti et al. 2007 ) to more fluid groups occupying identifiable home ranges (Ryan et al. 2006) . Our results show that, in the Okavango Delta, UDOI could be used to identify subpopulation membership for individual collared animals and fusion between individuals in different subpopulations was rare. Number of fusion events and duration of fusion periods did not vary seasonally, total fusion time varied seasonally and annually, and UDOI varied with year and subpopulation. Fission events were more likely in cluttered habitats, but only in the late flood season, and HROs contained more open than cluttered habitats compared to HRs in most seasons. Pan density was higher at fission than fusion events sites during the rainy season, but water availability had no effect on fission/fusion in other seasons. Pan density in rainy season HROs was lower and higher than in HRs in 2008 and 2009, respectively, and in all flood seasons, HRO areas were closer to permanent water than HRs.
Buffalo were not collared concurrently, so we could have deployed a collar in a group that had previously contained a collared animal. However, the high levels of social fluidity and environmental variation suggest that HR locations may have varied between years, Table 3 Habitat selection ratios for locations of fission and fusion events and habitat composition of seasonal home range overlap for Cape buffalo in the Okavango Delta, Botswana which would also have led to variation in HRO locations and levels of interaction with neighbors, as indicated by the different rainy season fusion duration between 2008 and 2009, when data from 4 of the same individuals were used. Hourly GPS fixes provide large datasets, but they are still relatively coarse and cannot be used to identify precise moments when buffalo groups became aware of each other and decided whether to approach and fuse. Equally, the moment of fission is very difficult to identify because consecutive Euclidean distances between collared buffalo could shift from < 300 m to ≥ 1000 m over a 1 h period, and it was not possible to identify exactly when or where fission occurred. Indeed, when 3 collared animals were in the same group, our methods detected concurrent fusion between 2 dyads, but did not identify a fusion pattern for the 3 rd . Some fusion events may therefore have gone undetected based on our criteria, perhaps for very large groups in which collared animals could have been >300 m apart, but raising the threshold distance for defining fusion would have been arbitrary and could have led to the inclusion of false fusion events when collared individuals were close to each other without being in the same group. Also, some fission-fusion events could have occurred without being recorded because they involved noncollared animals, but it is unlikely that the behavior of collared animals was substantially different from that of other buffalo within the study area. There were no impermeable barriers between the subpopulations: buffalo could cross channels and resident herds could follow the migration route taken by the migratory subpopulation (Bennitt et al. 2016 ). The resident subpopulation may have migrated in a different direction prior to the erection of a veterinary fence in 1982 (Mbaiwa and Mbaiwa 2006) , and they may not have the spatial memory or cognitive capacity to adjust to changing conditions caused by the erection of a hard boundary. Resident buffalo frequently moved along the fence during the rainy season, suggesting that they would have pushed further if the fence had not been there. Habitats on either side of the fence were similarly dominated by mopane woodlands and grasslands, possibly forming a corridor that buffalo could have followed ancestrally.
Competition between the subpopulations could have led to the observed spatial distribution, but the migratory subpopulation left their flood season HR during the rainy season, leaving almost entirely unoccupied habitat that the resident subpopulation could have exploited during the rainy season but did not. The very low levels of HRO between subpopulations indicate that their encounter levels were too low for competition because they rarely converged on shared resources. Competition within subpopulations would have been possible in HRO areas, but our results suggested that groups congregated and fused in areas with key resources, rather than competitively excluding other groups. The subpopulations displayed similar reproductive productivity and body condition, despite smaller resident HRs and group sizes (Bennitt et al. 2016) , suggesting that resource availability in the subpopulation HRs was comparable and that there was no strong driver for interaction between subpopulations. This suggests that there may have been social reasons for the disparate migratory strategies, possibly related to spatial information passed down through interaction with other subpopulation members.
We hypothesized that the abundance and wide distribution of water and productive forage across the landscape during the rainy season would lead to higher levels of fusion, but the frequency of fusion events and duration of fusion periods did not appear to be affected by environmental factors such as seasonal changes in resources. Group sizes may have increased with males joining breeding groups to exploit mating opportunities during the rainy season, but fusion behavior between collared females was not affected. Buffalo occupied more cluttered habitats during the rainy season (Bennitt et al. 2014) , so predation pressure could have reduced optimal group size, leading to fission events (Fortin et al. 2009 ). When the flood waters recede during the limiting late flood season, nutrient-poor floodplain grasses offer the only fresh forage growth (Murray-Hudson et al. 2006) , and this could drive buffalo to congregate in areas of limited resources, thereby leading to group fusion (Bercovitch and Berry 2010) . Total time spent in fusion varied with season and year, being lowest during the 2009 rainy season, when there appears to have been a drop in environmental pressures that would have caused fusion. Rainfall in the 2009 rainy season started early (Okavango Research Institute weather monitoring website, http://www.okavangodata.ub.bw/ori/monitoring/ rainfall/), possibly leading to rapid growth of productive vegetation that would also have allowed buffalo to be in a state of fission.
UDOI varied with subpopulation and, to some extent, with year: UDOI was higher in the resident subpopulation, especially in 2009. The resident subpopulation utilized a smaller area than the migratory subpopulation, which could have caused the higher levels of HRO, but there was also one dyad, B9B10, collared in the resident subpopulation in 2009, which had much higher UDOI than any other dyad, and this could have affected these results. UDOI did not have an effect on the number of fusion events between dyads, even though encounters between dyads with extensive HRO would probably have been more frequent because population density in HRO areas should have been higher (Kolbe and Weckerly 2015) . Indeed, elk (Cervus elaphus) encounter rates increased with HRO, although overall population density also had a strong effect (Vander Wal et al. 2014) . Some species with high levels of HRO partition the overlap temporally by utilizing shared resources at different times (Markham et al. 2015) , but our results suggest that buffalo were utilizing shared resources at the same time, potentially leading to opportunistic fusion events (Bauder et al. 2016) .
In contrast to expectations, fusion was not more common in open habitats, and there was only 1 season when fission was more frequent in cluttered habitats. However, in 4 of the 6 seasons, the proportion of open habitat was higher in HROs than in HRs. Open habitats included grassland and floodplains, which are all favored grazing habitats (Bennitt et al. 2015) , and the latter were identified as sources of permanent water. Therefore these habitats provide key resources and would form vital components of HRs, possibly leading to overlapping patterns of use by 2 or more individuals. The only time of year when there were differences in water availability between fusion and fission sites was during the rainy season, when pan density was higher in the latter. Pan density was also higher in HRs than in HROs during the 2009 rainy season, despite being slightly lower in HRs than in HROs in the 2008 rainy season. Pans are more common in poorly-drained soils where water can accumulate, such as in mopane woodland, but these are often not the most productive soil types in terms of herbaceous resources (Bennitt et al. 2016) . Buffalo HRs may therefore have overlapped in areas with high quality or abundant forage, which may also have been areas with lower water availability, as seen in semi-free-ranging cattle (Bos taurus; Zengeya and Murwira 2016) . The wide distribution of abundant pans across the landscape would have removed the limiting factor of water availability present during the flood seasons. In contrast, during the early and late flood seasons, HROs were closer to permanent water than the rest of the seasonal HRs. As obligate drinkers, buffalo need access to water every day, and their movements are therefore restricted by water availability outside the rainy season. During the late flood season, forage is senescent in dry habitats, but fresh grasses grow on the floodplains as the floodwaters recede (Murray-Hudson et al. 2006) , providing an additional attractant for buffalo.
Seasonal variation in forage and water availability in a floodpulsed ecosystem such as the Okavango Delta may have exerted different pressures on buffalo that required similar levels of spatial and social interaction, such as the availability of abundant but spatially restricted resources. Cape buffalo in the Okavango Delta therefore behaved differently to other populations in eastern (Sinclair 1977) and southern Africa (Taolo 2003) , maintaining similar levels of group cohesion throughout the year. We were unable to record group sizes accurately during the rainy season because of low visibility, so groups could have been larger at that time, but there were no differences in group size between the early and late flood seasons, when median group size was 100-200 individuals (Bennitt et al. 2016 ).
CONCLUSIONS
Our results show that Cape buffalo in the Okavango Delta form fluid groups within relatively distinct subpopulations that occupy separate HRs and show very little social interaction, and that fusion events within subpopulations occur in HROs located in areas with key environmental resources. Buffalo social systems vary in different parts of their global range, indicating a disparity in social complexity that may be linked to resource availability. Previous studies of buffalo social systems in eastern and southern Africa have described several large herds that subdivide (Prins 1996; Cross et al. 2005) , typical of species displaying fission-fusion social dynamics (Sueur and Maire 2014) . Our results suggest that buffalo in the Okavango Delta form numerous small groups that occasionally fuse into larger aggregations when they congregate on key resources, which appear to relate to forage during the rainy season and water during the early and late flood seasons. Our results therefore call into question the definition of a "herd", particularly in reference to animals that are difficult to identify individually and occur in large aggregations, such as Cape buffalo. We suggest that the term "herd" should be used with caution, and that groups of animals with undetermined levels of cohesion and membership permanence should be called "groups".
Previous research has shown a higher level of sociality between dyads with high levels of spatial overlap (Chaverri et al. 2007 ), but it is difficult to distinguish cause and effect: animals may be attracted to each other, leading them to share space, or they may be attracted to resources, leading to higher encounter rates (Best et al. 2014) . Our results suggest that buffalo HRs overlapped in areas with key seasonal resources, which led to fusion events followed by fusion periods when all animals in a herd made the same collective foraging decisions (Ramos-Fernández et al. 2006) . Such spatial causes of higher levels of group cohesion and social interaction could be more important than kinship and relatedness (Best et al. 2014) , and it is possible that, once fusion had occurred, herds moved together for several hours, allowing social interaction between herd members. Fission could ensue when key individuals differed in their decisions about the next foraging location, and were joined by regular followers, leading to a group split (Ramos-Fernández and Morales 2014) .
From aerial observations, the resident and migratory subpopulations in our study area were estimated at 5000 and 8000 buffalo, respectively (E.B., Personal observation, 2007 Personal observation, -2010 , group sizes that are too large to be sustained by clumped resources. Indeed, total seasonal fusion duration showed that collared buffalo were in a fission state for the majority of their time, with only 1 dyad spending almost 50% of 1 season in a fusion state. The lack of interfaces between subpopulations suggests that they are relatively distinct in terms of spatial patterns and social interactions, which could have consequences for gene flow and the transmission of adaptive behavior. These 2 subpopulations, despite occupying HRs with common boundaries, could therefore constitute a meta-population, with minimal contact between subpopulations experiencing different environmental pressures, and further research should be conducted to determine the level of gene flow between subpopulations.
Populations displaying fission-fusion social dynamics can be more vulnerable to anthropogenic impacts, as well as being more difficult to count reliably (Haulsee et al. 2016) . Dynamic levels of social cohesion could mean that some meta-populations are more at risk, whereas others are safer, decreasing their vulnerability to the effects of stochastic environmental change through increased variability (Holmes et al. 2016) . Disruptions from anthropogenic influences or stochastic climatic variation could have large impacts on buffalo in the Okavango Delta through a reduction in access to seasonal ranges (Bennitt et al. 2014) , particularly for buffalo on the periphery of the ecosystem. Peripheral subpopulations are also more vulnerable to human-wildlife conflict (Bennitt et al. 2014 ) and could encounter ecological traps, whereby incomplete knowledge of risks lead herds to utilize resources in areas with higher levels of human activity and hence increased mortality (Sigaud et al. 2017) . Cape buffalo in the Okavango Delta should therefore be managed as meta-populations exposed to different ecological pressures and threats rather than 1 continuous population with homogeneous mixing of genetic material (Titcomb et al. 2015) .
